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Abstract
& In the rubber hand illusion (RHI), participants incorporate a
rubber hand into a mental representation of one’s body. This
deceptive feeling of ownership is accompanied by recalibration
of the perceived position of the participant’s real hand toward
the rubber hand. Neuroimaging data suggest involvement of
the posterior parietal lobule during induction of the RHI, when
recalibration of the real hand toward the rubber hand takes
place. Here, we used off-line low-frequency repetitive transcranial magnetic stimulation (rTMS) in a double-blind, shamcontrolled within-subjects design to investigate the role of the
inferior posterior parietal lobule (IPL) in establishing the RHI
directly. Results showed that rTMS over the IPL attenuated
the strength of the RHI for immediate perceptual body judg-

INTRODUCTION
Synchronous stroking of one’s own occluded hand and
an anatomically congruent, visible rubber hand leads to
feeling of ownership over the rubber hand. This illusion
is known as the rubber hand illusion (RHI). The RHI has
been interpreted as the temporary incorporation of the
rubber hand into the participant’s mental body representation and is generally measured through perceptual
judgments about the relocation of the participants’ limb
toward the rubber hand, or through self-reports in
which participants subjectively rate the degree to which
they experience a feeling of ownership over the rubber
hand. Interestingly however, in case of a multisensory
mismatch between tactile and visual information, or in
case of an incongruent spatial configuration of the rubber hand, there is no feeling of ownership over the rubber hand, nor any relocation of the participant’s own
hand (Durgin, Evans, Dunphy, Klostermann, & Simmons,
2007; Ehrsson, Holmes, & Passingham, 2005; Tsakiris
& Haggard, 2005; Ehrsson, Spence, & Passingham, 2004;
Botvinick & Cohen, 1998).
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ments only. In contrast, delayed perceptual responses were
unaffected. Furthermore, ballistic action responses as well as
subjective self-reports of feeling of ownership over the rubber
hand remained unaffected by rTMS over the IPL. These findings are in line with previous research showing that the RHI
can be broken down into dissociable bodily sensations. The
illusion does not merely affect the embodiment of the rubber
hand but also influences the experience and localization of
one’s own hand in an independent manner. Finally, the present
findings concur with a multicomponent model of somatosensory body representations, wherein the IPL plays a pivotal role
in subserving perceptual body judgments, but not actions or
higher-order affective bodily judgments. &

A recent principal component analysis showed that
feeling of ownership is not a single perceptual experience, but that bodily self-consciousness can be decomposed into different components (Longo, Schuur,
Kammers, Tsakiris, & Haggard, 2008). Four major components of bodily sensations have been identified with
subjective self-reports: (1) embodiment of the rubber
hand, (2) loss of one’s own hand, (3) movement, and
(4) affect. Additionally, for the embodiment component,
the following subcomponents could be distinguished:
(i) ownership over the rubber hand, (ii) location, and
(iii) agency. The ownership subcomponent concerns
statements about the sensation that the rubber hand
belongs to one’s own body, whereas the location subcomponent comprises statements concerning the experience that the rubber hand and one’s own hand
occupy the same location in space. These two subcomponents are, independently of each other, significant
predictors of the degree of relocation of the own hand
toward the rubber hand as measured with a perceptual
location judgment. Consequently, there seems to be a
dissociation between the degree to which the rubber
hand feels like part of one’s body, and the perceived
(re)location of one’s body. More recently, we showed
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that relocation of a participant’s own hand is task dependent. Whereas perceptual location judgments are sensitive to the RHI, ballistic actions with or toward the
illuded stimulated hand resist the RHI (Kammers, De
Vignemont, Verhagen, & Dijkerman, 2008).
Several studies have looked into the neural correlates
of feeling of ownership (Tsakiris, Hesse, Boy, Haggard, &
Fink, 2007; Ehrsson et al., 2004, 2005; Botvinick, 2004).
Most recently, the involvement of the right posterior insula and the frontal operculum in the RHI was demonstrated using positron emission tomography (Tsakiris
et al., 2007). A functional magnetic resonance imaging
study showed a significant relationship between bilateral
ventral premotor activity and subjective ratings of ownership over the rubber hand during the RHI (Ehrsson
et al., 2004). Additionally, enhanced inferior parietal
lobule (IPL) activity was observed during induction of
the RHI, that is, when recalibration of the perceived position of one’s own limb is taking place (Ehrsson et al.,
2004, 2005). This pattern of activation suggests that activity in ventral premotor areas and the IPL might correspond to the feeling of ownership over the rubber hand
and location of one’s own hand subcomponents, respectively, as identified in the study of Longo et al. (2008).
Although there is no clear consensus on the possible network of cortical areas subserving the different
components of the RHI, the IPL seems a likely candidate
for involvement in the relocation of the participant’s
own limb. In favor of this hypothesis, it was shown
that the IPL plays a pivotal role in maintaining spatial
relationships of body parts as evidenced by patients
with autotopagnosia (Buxbaum & Coslett, 2001; Sirigu,
Grafman, Bressler, & Sunderland, 1991). Furthermore,
Dijkerman and de Haan (2007) proposed a theoretical
model for cortical somatosensory processing, in which
the IPL is thought to be important in processing information for perceptual body judgments, such as judgments about the spatial body configuration and metric
properties (Dijkerman & de Haan, 2007). This aspect of
the model has not yet been tested directly, and the
direct involvement of the IPL in the RHI has not yet been
demonstrated.
In the current study, we applied off-line low-frequency
repetitive transcranial magnetic stimulation (rTMS) over
the inferior posterior parietal lobule (IPL) to investigate
the involvement of this area in the generation of the
RHI dependent perceived relocation of one’s own hand
toward the rubber hand. Participants reported the felt
position of their stimulated right hand both immediately
after induction of the RHI, as well as after making two
reach-to-point movements. In addition, subjective ratings
of feeling of ownership were obtained by conducting a
standard RHI questionnaire (Botvinick & Cohen, 1998).
Based on the existing correlational evidence that
suggests IPL involvement in the generation of the RHI
(Ehrsson et al., 2004), our main hypothesis was that rTMSrelated inhibition of activity of the IPL contralateral to
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the stimulated hand would reduce the strength of the
illusion as measured by the perceptual relocation of the
own hand toward the rubber hand (the location subcomponent of the RHI). Notably, because the IPL has
not been implicated in the ownership subcomponent of
embodiment of the rubber hand, we did not expect IPL
involvement in the subjective ratings of feeling of ownership. Furthermore, based on our previous finding that
the RHI primarily affects perceptual judgments (Kammers
et al., 2008), we hypothesized the reach-to-point movements themselves to be robust against the RHI, and thus,
to remain unaffected by rTMS over the IPL. The final aim
of our study was to investigate the effect updated proprioceptive information due to active movements might
have on the strength of the illusion measured by a subsequent perceptual judgment in combination with rTMS
over the IPL.

METHODS
Participants
Fourteen healthy nonsmoking volunteers (9 women) participated in the study. One participant was excluded due
to failure to return for the second session. All participants were aged between 18 and 25 years (mean ± SD =
22.2 ± 2.4 years), were right-handed, and all women used
oral contraceptives. None of the participants had a history
of psychiatric or neurological conditions and all had normal
or corrected-to-normal vision. Written informed consent
was obtained and volunteers were paid for participation.
The study was approved by the medical ethical committee
of the Utrecht University in accordance with the Declaration of Helsinki. All volunteers were naı̈ve to the rationale of
the experiment.

Experimental Design and Procedure
In a double-blind, sham-controlled, counterbalanced crossover design, participants received either 20 min of ‘‘real’’
or sham 1 Hz rTMS (1200 pulses) in two consecutive
sessions. Upon arrival at the laboratory, participants were
screened for contraindications to TMS (Keel, Smith, &
Wassermann, 2000), and received oral and written information on the experiment. Informed consent was obtained and right handedness was assessed with the Dutch
Handedness Inventory (inclusion criteria score of >7),
mean score ± SD = 9.92 ± 0.28 (Van Strien, 1992). Next,
resting motor threshold (MT) of the left hemisphere was
determined according to the standardized procedure as
described by Schutter and van Honk (2006) (mean ± SD =
49.7 ± 12.7% of maximum stimulator output; Schutter &
van Honk, 2006). Finally, an appointment for the first testing session was made.
At the start of each of the two testing sessions, either
sham or real low-frequency rTMS was applied to the left
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IPL by Experimenter 1. After rTMS, the second experimenter entered and collected the behavioral data in a
total of 20 trials. Both the participant and the second
experimenter were unaware of the type of rTMS stimulation. Each trial started with 60 sec of RHI induction,
which could either be synchronous (illusion condition)
or asynchronous (control condition). Next, a perceptual
response was recorded, followed by two action responses
and, finally, a second perceptual response (please see
Figure 1 for a schematic representation of the procedure). Each of the two action responses could be carried
out with either the stimulated right hand or the nonstimulated left hand, such that there were four possible
combinations for the action responses on a given trial.
Action response combinations with the same hand (i.e.,
twice with left or twice with right) were recorded six
times, whereas action response combinations involving
both hands (i.e., with right and, subsequently, with left,
or vice versa) were recorded four times. The 20 trials
were divided in half, and after each half, a questionnaire
was conducted such that the participant completed the
same questionnaire twice, once for the control condition
and once for the illusion condition.

Rubber Hand Illusion
Participants were placed behind a framework in which
the two forearms were placed. The participant’s stimulated right side was occluded from vision throughout

the experiment. During the induction phase, participants
could see a right rubber hand and their own left forearm. Participants’ own occluded right index finger and
the right index finger of the visible rubber hand were
stroked either synchronously (illusion condition) or asynchronously (control condition) for 60 sec in an unpredictable manner with a mean rate of approximately 1 Hz.
After induction, participants were asked to close their
eyes, and a board was lowered to occlude all hands (real
right and left hand, as well as the rubber hand) from
vision. Next, the responses were collected.

First Perceptual Response
The first perceptual response was collected directly after
induction and prior to any action response by the participant. Participants verbally indicated when the experimenter’s index fingers mirrored the perceived locations
of their own stimulated right and nonstimulated left index fingers. The experimenter placed both his index
fingers on top of the board occluding the participant’s
hands, which could be done either at the center of the
board or at the outside edges. Subsequently, the experimenter started moving both index fingers either outward or inward, respectively. The sliding movement
along the edge of the board was at an unpredictable
pace and at a different speed for each finger, as well
as between trials, in order to prevent carryover effects
between trials. Participants were free to verbally instruct

Figure 1. Experimental procedure and rTMS location. (A) The experimental procedure consisted of two sessions, divided on the level of
rTMS. Each session started with 20 min of either real or sham rTMS, followed by 20 behavioral trials. Each behavioral trial was made up
of 1 min of RHI induction followed by a perceptual response, two action responses, and finally, a second perceptual response. (B) The
stimulation localization of rTMS of five subjects. The targets indicate respective locations of EEG cap electrode TP3.
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the experimenter to move his index fingers until they
thought that they mirrored the felt location of their own
unseen index fingers. Finally, the experimenter calculated the difference score between the indicated and
veridical location for each finger separately on a ruler
placed outside the visual field of the participant, which
formed the endpoint error. This type of perceptual response allowed for recording of the nonstimulated left
hand as well as the stimulated right hand simultaneously, without increasing the chance of the participant giving
standardized responses.
The strength of the RHI was calculated by subtracting
the endpoint error for each index finger in the control
condition (asynchronous stroking) from the illusion condition (synchronous stroking).

Action Responses
Next, two ballistic reach-to-point actions were made in
each trial, in one of four different combinations. Actions
could be executed with the nonstimulated left hand as
well as with the stimulated right hand, whereby the goal
of the actions always consisted of the index finger of
the other hand. The four different movement combinations were: (1) reaching twice with the index finger of
the nonstimulated left hand; (2) reaching first with the
nonstimulated left hand, followed by reaching with the
stimulated right hand; (3) reaching first with the stimulated right hand, followed by reaching with the nonstimulated left hand; and (4) reaching twice with the stimulated
right hand.
The various combinations of action responses provided different proprioceptive update about the location
of the participant’s right hand. Because localization of
our body parts relies heavily on proprioceptive information, we expected that the different action response
combinations would have differential effects on the
subsequent perceptual response. Specifically, we anticipated that new proprioceptive update from movements
of the illuded right hand would reduce the perceived
relocation of the stimulated right hand, whereas moving
the nonilluded left hand would not. As a result, the
strength of the illusion would be maximal following two
responses with the left hand, intermediate following
one response with each hand, and minimal following
two responses with the right hand. Because there was
no difference in updated proprioceptive information
between movement combinations using each hand once
(2 and 3), we did not expect to find a difference between
these conditions. In order to prevent direct contact between the two hands, a board was placed above the
target hand on which the reaching hand landed to indicate the perceived location of the index finger directly
underneath. Finally, the participant replaced his hand to
its starting position, which was indicated by a small patch
of Velcro.
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Second Perceptual Response(s)
Finally, in the second perceptual response phase, the
first perceptual response was repeated. The second
perceptual response was analyzed separately for each
of the four action response combinations preceding the
perceptual location judgment, in order to evaluate the
effect of progressive proprioceptive update on the subsequent perceptual response.

Questionnaire
Participants were asked to complete a questionnaire in
which they rated nine questions concerning possible
sensations related to the rubber hand. The questionnaire was based on those developed by Ehrsson et al.
(2005) and Botvinick and Cohen (1998). The questionnaire was completed a total of four times: once after an
illusion trial (synchronous stroking) and once after a
control trial (asynchronous stroking), for both the real
and sham rTMS testing session.

Kinematic Parameters
All movements were recorded using an electromagnetic
movement recording system (Minibird, Ascension Technologies) sampling the positions of the tips of the index
fingers at 100 Hz.
The dependent variable of interest was the absolute
endpoint error, that is, the distance between indicated
and veridical positions of the tip of the target index finger at movement offset, along the axis parallel to the
movement. This is a direct measure of relocation of the
participant’s own hand. Other investigated kinematic
parameters were: reaction time (the time between the
verbal instruction and the onset of the movement),
movement time (the time between movement onset
and movement offset), peak velocity (the maximum velocity during movement time), relative time to peak
velocity (the time from movement onset to peak velocity relative to the movement time), and trajectory distance (the total Euclidean distance traveled by the index
finger during the movement time). Together these parameters give an indication of, and are sensitive to, disturbances of both the motor plan and the execution of
the movement ( Jeannerod, 1984).
Kinematic data were sampled continuously and lowpass filtered (fourth-order Butterworth filter at 10 Hz),
after which the velocity of the two markers was calculated. To keep the visual information constant, a dummy
marker was attached to the index finger of the rubber
hand. The onset of the movement was determined when
velocity exceeded 0.1 m/sec, for over 0.6 sec. In other
words, the movement onset was determined as the first
time point for which the subsequent 6 time points all
have a velocity exceeding 0.1 m/sec. The offset of the
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movement was set to the moment the velocity remained
below 0.1 m/sec for over 0.2 sec. Hence, the offset was
determined as the first time point for which the following 2 time points were below 0.1 m/sec. Using these
strict parameters, two valid movements (one forward to
the perceived target and one back to the starting position) were detected in all trials for all participants.
Transcranial Magnetic Stimulation
Off-line low-frequency rTMS was performed using a
biphasic magnetic brain stimulator (maximum output
4160 A peak/1750 VAC peak) with an eight-shaped iron
core coil (Neotonus, Atlanta).
Low-frequency rTMS has shown to selectively reduce
cortical excitability that outlasts the initial block of stimulation creating a window for studying its behavioral effects (Hallett, 2007; Robertson, Théoret, & Pascual-Leone,
2003).
Although TMS has shown to provide different effects
on cortical excitability (i.e., inhibitory as well as facilitatory) (Silvanto & Muggleton, 2008), the general idea
behind the reductions in cortical excitability is that
low-frequency rTMS at intensities below the MT predominantly acts on activating GABA interneurons in the
superficial layers of the cerebral cortex, subsequently
causing a local transient state of reduced cortical excitability (Daskalakis, Fitzgerald, & Christensen, 2007). For
example, in a recent study, it was shown that in comparison to applying low-frequency rTMS over the primary
motor cortex, low-frequency rTMS over the posterior
parietal cortex impaired oculomotor control (Hutton &
Weekes, 2007). Others have demonstrated in a placebocontrolled study that 20 min of low-frequency rTMS at
90% MT over the parietal, but not occipital, cortex impairs top–down spatial processing (Aleman et al., 2002).
Together, these studies demonstrate that off-line rTMS
is a useful perturbation method to investigate cortical
brain functions in humans (Robertson et al., 2003).
Sham rTMS was performed using a modified but visually identical coil, which had an aluminum plate built
in the housing directly under the iron core (Neotonus,
Atlanta). The sham coil mimics the sound click and sensation of real TMS, but the brain is shielded from actual
stimulation, and as consequence, this constituted the
control condition.
Participants received 20 min of either real or sham
1-Hz rTMS, applied to the left inferior posterior parietal
lobule at 80% MT (1200 pulses). This was done in two
repeated sessions, which were separated by at least
24 hr. The order of sessions was counterbalanced across
participants. The left IPL was targeted, according to
the International 10–20 EEG System, by marking the
TP3 electrode site using an EEG cap ( Jasper, 1958).
It should be noted that the left IPL was targeted because the illusion was induced on the contralateral right
side. Stimulation parameters were in line with the safety

guidelines of the International Federation of Clinical
Neurophysiology (www.ifcn.info).
Notably, a complete testing session took an average
of 70 min, and never took longer than 90 min, including the 20 min of rTMS stimulation. Although exact chronometric information on the effects of 20 min off-line
low-frequency rTMS to the left parietal cortex is not available, off-line low-frequency rTMS with similar frequency
and duration applied to the anterior cortical regions induced changes in electric brain activity that remained detectable 60 min after stimulation (Schutter, van Honk,
d’Alfonso, Postma, & de Haan, 2001). Providing the evidence that there is considerable overlap between the effects of TMS on cortical physiology across the cerebral
cortex (e.g., Daskalakis et al., 2008; Deblieck, Thompson,
Iacoboni, & Wu, 2008), it is reasonable to assume that
20 min of off-line low-frequency rTMS creates a time window that is sufficiently long enough to investigate the
functional relationship between the left inferior parietal
cortex and the RHI.
Structural Scans
Structural MRI scans were obtained using a Siemens
Avanto 1.5-T MRI scanner (whole brain 1  1  1 mm
resolution, T1 weighted), for a subset of participants
after completion of the study to verify that the IPL was,
in fact, being stimulated.
The stimulated location was marked using a vitamin
pill placed on the EEG cap. Three-dimensional renders
of participants’ left hemispheres were created using
the BrainVoyager software package (Brain Innovation,
Maastricht, The Netherlands). Post hoc inspection of
the stimulated location verified that the inferior posterior parietal lobule had been targeted as intended.

RESULTS
TMS was well tolerated by all participants and no adverse events occurred.
First Perceptual Response
A 2  2 repeated measures analysis of variance was conducted on the relocation error of the participant’s stimulated own right hand, with the factors TMS (sham vs.
real) and RHI (control vs. illusion) for the first perceptual response. Most importantly, the two-way interaction between TMS and RHI was significant [F(1, 12) =
5.86, p = .032]. Post hoc paired-samples t tests showed
that rTMS significantly reduced the strength of the illusion in the illusion condition [t(12) = 4.77, p < .001;
mean error toward the rubber hand ± SEM: real rTMS =
11.04 ± 0.80; sham = 12.72 ± 0.77; Figure 2, leftmost
bars]. No effect of rTMS was found for the first perceptual response in the control RHI condition [t(12) = 0.41,
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Figure 2. Effect of rTMS on the perceptual response. (A) Illusion
strength (illusion–control) for perceptual responses for the stimulated
right hand. Data columns represent mean values for all participants
(13). Open and hashed bars indicate responses after sham and
real rTMS, respectively. Dark and light bars indicate the type of
preceding actions. The asterisk indicates the significant attenuation
of the strength of the illusion after real rTMS compared to sham.
The circles indicate the gradual attenuation of the effect of the RHI
for the second perceptual responses, depending on the type of
preceding action. Error bars represent standard errors of the mean.

p = .69; mean error toward the rubber hand ± SEM: real
rTMS = 8.07 ± 0.91; sham = 7.78 ± 1.10].
There was also a main effect of RHI [F(1, 12) = 167.07,
p < .0001], indicating a larger error toward the rubber
hand after synchronous stroking.
Action Responses
There was no main effect of rTMS or RHI for the endpoint errors for the different reach-to-point movements,
supporting our earlier finding that the RHI predominantly affects perceptual judgments rather than motor
judgments (Kammers et al., 2008). There was also no
significant interaction between rTMS and the endpoint
errors. Other kinematic parameters for the first reaching response were analyzed in a 2  2  2 repeated
measures analysis of variance with the factors rTMS (real
vs. sham), RHI (control vs. illusion), and hand (stimulated right vs. nonstimulated left). The factor hand was
included in the analysis because action responses of
both hands serve as a measure of possible relocation of
the right hand, either as the target (pointing with the
nonstimulated left hand toward the stimulated right
hand) or as the means (pointing with the stimulated right
hand). This is in contradiction to the perceptual judgment, where the localization of the left hand is unrelated
to the perceived location of the stimulated right hand.
There were several significant effects for the other four
kinematic parameters: a main effect of hand on movement time [F(1, 12) = 5.53, p = .037; Stimulated right >
Nonstimulated left], peak velocity [F(1, 12) = 7.35, p =
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.019; Nonstimulated left > Stimulated right], and relative
time-to-peak velocity [F(1, 12) = 7.68, p = .017; Stimulated right > Nonstimulated left]. There was also a main
effect of RHI on movement time [F(1, 12) = 5.07, p = .044;
Illusion > Control]. Finally, there was a significant two-way
interaction between rTMS and Hand on reaction time [F(1,
12) = 9.25, p = .010; Illuded right  rTMS > Others].
Hence, no main effect of rTMS was observed. Most importantly, the critical three-way interaction (rTMS  RHI 
Hand) did not reach significance for any of the kinematic
parameters (all p values  .074).
Importantly, it should be noted that effects on the kinematic variables are weak in general. When adjusting
for the multiple comparisons on the four kinematic parameters by applying a Bonferroni correction, the alpha
level is reduced to a value of .0125. This more conservative approach would lead to only a significant two-way
rTMS  Hand for reaction time.
In short, ballistic reaching movements with the right
stimulated hand were slower and reached peak velocity
later than pointing movements with the nonstimulated
left hand. Furthermore, a significant interaction was
observed for reaction time, between hand and rTMS,
showing an effect of rTMS for the right hand that was
independent of the RHI. In other words, independent
of a relocation of the right hand as a consequence of
synchronous multisensory stimulation.
Overall, the difference in kinematic parameters between both hands can likely be ascribed to hand preference, or indicate a certain degree of uncertainty of
the initial starting position of the right hand as a result
of the lack of visual information of this hand throughout
the experiment.
Analyses for the second reaching responses showed
no significant effects for rTMS.
Second Perceptual Responses
Relocation errors, that is, the strength of the illusion,
for the second perceptual responses were entered into
a 2  2  4 repeated measures analysis of variance,
with the factors rTMS, RHI, and response. The factor
response divided trials on the basis of which hand(s) the
participant had used to make the two preceding reachto-point movements: (1) twice left, (2) left then right,
(3) right then left, or (4) twice right. We found a significant main effect of RHI [F(1, 12) = 140.03, p < .0001],
showing a larger relocation error toward the rubber
hand after synchronous stroking (i.e., for the illusion
condition). There was no main effect of rTMS [F(1,
12) = 0.81, p = .39], indicating no difference between
sham and real rTMS. There was, however, a significant
main effect of response [F(3, 12) = 30.02, p < .0001]:
The largest relocation error was observed when there
was no proprioceptive update of the stimulated right
hand (4). The two-way RHI  Response interaction was
also significant [F(3, 12) = 18.75, p < .0001]. Post hoc
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paired-sample t tests showed that the strength of the
RHI was greatest when the second perceptual response
was preceded by no movement of the stimulated right
hand (1), and smallest when the perceptual response
was preceded by two movements with the stimulated
right hand (please see Figure 2, rightmost bars). Crucially, none of the interactions with rTMS were significant (all p values > .161).
Questionnaire
A MANOVA for the nine questions with the factors rTMS
(sham vs. real) and RHI (control vs. illusion) showed
a significant main effect of RHI for the three illusionrelated questions only: (Q1) It seemed as if I was feeling the touch at the location where I saw the rubber
hand being touched [F(1, 12) = 13.14, p < .001]; (Q2) It
seemed as though the touch I felt was caused by the
stimulation on the rubber hand [F(1, 12) = 39.17, p <
.000]; and (Q3) I felt as if the rubber hand was my own
hand [F(1, 12) = 11.91, p < .001]. No other significant
effects were observed (all p values < .89).

DISCUSSION
The present study investigated the role of the left inferior posterior parietal lobule (IPL) in perceptual body
representations by modifying its cortical excitability
with off-line low-frequency rTMS. We observed that the
RHI was reduced for immediate but not for delayed
perceptual responses. This selective effect of rTMS on
the relocation component of the RHI suggests that: (1)
the IPL is directly involved in immediate perceptual
(re)localization of our limbs during induction of the
RHI but is, nonetheless, not necessary for eventual RHIdependent relocation of the stimulated limb; (2) the IPL
does not directly subserve ballistic actions; and (3) the
subjective experience of the ownership over the rubber
hand is not associated with the IPL.
First, the immediate perceptual response showed
attenuation of the RHI for the stimulated right hand
only after real rTMS in the illusion condition. This interaction is critical. The absence of an effect of rTMS in
the control condition when no RHI was induced suggests that the IPL is directly involved in recalibrating the
perceived position of the contralateral limb during
the induction of the RHI. This restricted attenuation
of the RHI concurs with the findings of Ehrsson et al.
(2004), who implicated the IPL during RHI induction.
In addition, this notion supports a theoretical model
of somatosensory body representations in which the
IPL plays a critical role in maintaining metric aspects of
the body’s spatial configuration (Dijkerman & de Haan,
2007). This model suggests that the perceptual experience of our body is subserved by higher-order processing within the IPL as well as the posterior insula.

Whereas the insula is considered to be involved in
affective aspects of bodily experience (Craig, 2002) and
body ownership (Tsakiris et al., 2007), the IPL is importantly involved in the perception of size and location
(Ehrsson et al., 2005). The current findings strengthen
so far mainly correlational evidence by reserving a
crucial role for the IPL in the modulation of perceptual
body experiences. For future research, it would be of
great interest to investigate whether modification of
cortical excitability in ventral premotor areas might selectively reduce the subjective feeling of ownership without altering the relocation of the stimulated own hand
toward the rubber hand. Furthermore, the second perceptual responses showed that the RHI strength is increasingly attenuated as participants made successive
movements with the stimulated right hand, thereby receiving proprioceptive update about its veridical position. The integration of new proprioceptive information
into the body representation remains unaffected after
rTMS. This suggests that the IPL is involved in recalibration of the perceptual location of the own limb, based
mainly on visual rather than on proprioceptive input.
This is in line with the frequently observed partial recalibration of the participant’s own hand toward the rubber hand compared to the often near-complete spatial
referral of the sensation of touch and feeling of ownership questions (Lloyd, 2007; Tsakiris & Haggard, 2005;
Botvinick & Cohen, 1998). Moreover, it also coincides
with the distinction between different body representations (Head & Holmes, 1911–1912), now often reported
in the body representation literature. On the one hand,
the body schema is thought to underlie ballistic actions,
subsequently incorporating the body as a whole, whereby the incoming proprioceptive information might be
weighted more heavily than visual information. The body
image, on the other hand, is considered mainly to subserve bodily perceptual judgments, and to be more visually guided (Gallagher, 1986, 2005; Paillard, 1991, 1999;
Gallagher & Cole, 1995).
Second, although rTMS to the IPL strongly reduced
the immediate perceptual response directly after induction, no such rTMS effect was found on the second
perceptual response. Following the short delay in which
participants made two reach-to-point movements, the illusion was restored to its ‘‘original’’ strength (i.e., identical
to RHI strength after sham rTMS). One possible interpretation is that rTMS to the IPL simply causes a systematic delay in the construction of the new internal
body representation underlying the perceptual RHI response, without completely preventing it. Other examples of time dependence within different components
of the RHI have previously been shown by Botvinick and
Cohen (1998), who showed enhanced feeling of ownership over the rubber hand after longer induction times
(Botvinick & Cohen, 1998). An alternative interpretation
of the restored strength of the relocation of the participant’s own hand is that the recovery of RHI strength
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might be due to general motor activity (in which the
body is a means to a goal, rather than a target), in which
the interaction between motor and perceptual systems
allows updating of the body representation normally
subserved by the IPL. Further research will be necessary
to distinguish between these hypotheses, for instance,
by looking into whether inactivity between two perceptual responses is also sufficient to restore the effect of
the RHI.
The robustness of the present action response seems
to be in contradiction with reported illusion sensitive
action responses found, for instance, in a previous RHI
experiment (Botvinick & Cohen, 1998). However, actions can differ on several levels, for instance, on the
amount of on-line control. The motor program underlying goal-directed action can be fully specified before
the movement onset, but also undergo continuous updating during the movement execution, especially during the deceleration phase of the action. Fast ballistic
reach-to-point actions are especially apt to be fully prespecified, and are known to be resistant to perceptual
visual illusions (Goodale & Milner, 1992). In the RHI
study of Botvinick and Cohen (1998), participants performed a slow gliding movement whereby the index
finger was in continuous contact with the table surface,
and the participants were free to adjust and correct their
finger position until satisfied. Such a slow action is more
easily subject to on-line control, and more prone to
be influenced by visual memory and perceptual information compared to the fast ballistic actions used in
the present study. Illusory sensitivity of actions has also
been shown in the mirror illusion (Holmes, Snijders, &
Spence, 2006). However, in the study of Holmes et al.
(2006), although participants could not see their moving
hand, they did see the target location. This alone could
bias and increase the relevance of continuous visuomotor processing during the movement. In sum, we
argue that the actions performed in the present study
are ballistic without on-line control and insensitive to
(higher-order) perceptual influences, which is in contrast to the on-line control of slow actions.
Although we found strong perceptual behavioral reductions in RHI strength, we did not find any effect of
rTMS on subjective ratings of the feeling of ownership
over the rubber hand. There was no main effect of rTMS
on the questions, nor was there an rTMS  RHI interaction. In other words, rTMS to the IPL did not significantly alter the subjective experience of the feeling of
ownership, and only those questions referring to feeling of ownership-specific experiences showed a difference in the subjective experience between synchronous
(illusion) and asynchronous (control) stroking. A possible explanation might be that at the time the questionnaire was conducted, that is, at the end of the trial, the
strength of the RHI was restored to its original level and
possible effects of rTMS had been eliminated, particularly because the behavioral effects of rTMS are usually
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very subtle. However, although the present results may
not cover the complex interplay between subjective ratings of feeling of ownership over the rubber hand and
the more objective perceptual relocation of one’s own
hand, the selective effect of rTMS is in line with the
recently presented dissociation between different RHI
components (Longo et al., 2008). Longo et al. (2008)
showed that the subjective experience of embodiment
during the RHI is not a single perceptual experience,
but that it can be broken down into different components. More specifically, the fact that loss of own hand
is dissociable from embodiment of the rubber hand
indicates that the RHI does not solely involve the mere
additional incorporation of the rubber hand. The effect of the RHI should therefore also be considered in
terms of relocated sensations of one’s own hand independently of feeling of ownership over the rubber hand.
This replaced sensation of one’s own hand has been interpreted in terms of a highly dynamic underlying body
representation. Possibly, rTMS to the IPL may have affected plasticity of the body representation underlying
perceptual location judgments of the participant’s own
hand. Or rTMS interfered with overwriting the location of
one’s own hand by the rubber hand. However, it may not
affect the higher-order subjective experience of embodiment of the rubber hand itself, which is considered to
involve processing in other cortical areas such as the
posterior insula and the premotor cortex (Dijkerman &
de Haan, 2007; Tsakiris et al., 2007; Ehrsson et al., 2004).
It should furthermore be noted that it is important
to test whether the observed behavioral modulation
on the first perceptual response of the stimulated right
hand could be the result of possible decline of the effect
of rTMS over time. Because rTMS reduced the strength
of the illusion, if the effect of rTMS declined over the
test session, we would expect illusion strength to increase over time. Further analysis of our data shows that
there was no order effect. We divided each real rTMS
session in two, and compared the strength of the illusion (synchronous–asynchronous) in the first perceptual
responses in the first block to those in the second block.
There was no significant difference [t(12) = 0.75, p > .46]
between early trials and late trials, suggesting that the effects of rTMS did not decline as the session progressed.
In addition to the rTMS effect over time, we tested
three other important rTMS RHI aspects. First, the twoway interaction for the first perceptual response on the
stimulated right hand and the lack of rTMS effect on the
action responses showed that the effect of rTMS was
only apparent for the illusion condition. In other words,
there was only a reduction of the relocation of the stimulated right hand toward the rubber hand after synchronous stroking, that is, when there was ownership over
the rubber hand. This addresses two important aspects,
namely, the task specificity of rTMS and the illusion
specificity of the effect of the rTMS. The third important
factor is hemispheric specificity. This can be shown by
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investigation of the nonstimulated left hand. There was
no significant main effect for RHI [F(1, 12) = 0.15,
p = .70] or for rTMS [F(1, 12) = 0.00, p = .99] on the
nonstimulated left hand. This confirms that the effect
of the RHI is restricted to the stimulated hand only.
These main effects, in combination with the lack of significance of the two-way interaction between RHI and
rTMS for the nonstimulated left hand [F(1, 12) = 0.43,
p = .52], show the possible hemispheric specificity of
the rTMS modulation of the left IPL. This provides
converging evidence that we might have successfully
restricted the effect of rTMS to the targeted region.
However, we presently did not examine the role of the
right IPL in the RHI of the right hand. Because there is
ample evidence that the effects of off-line low-frequency
rTMS are not restricted to the circumscribed location and
involve remote areas including the contralateral side, future research addressing the hemispheric contributions
to the RHI is warranted.
In conclusion, this study replicates our previous finding that the RHI mainly affects the perceptual, rather
than the sensorimotor, representation of the body. This
is in line with the idea that body representations subserving actions represent the body in a more holistic
and global fashion than body representations underlying
perceptual judgments, which are thought to be more
local and distinct. Most importantly, we have shown the
involvement of IPL in the relocation of one’s own limb
for immediate perceptual responses, as opposed to actions or delayed perceptual responses, indicating that
although the left IPL is critically involved in initiating
the RHI, the left IPL is not necessary for the eventual
occurrence of the illusion.
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Robertson, E. M., Théoret, H., & Pascual-Leone, A. (2003).
Studies in cognition: The problems solved and created by
transcranial magnetic stimulation. Journal of Cognitive
Neuroscience, 15, 948–960.
Schutter, D. J., van Honk, J., d’Alfonso, A. A., Postma, A., &
de Haan, E. H. (2001). Effects of slow rTMS at the right
dorsolateral prefrontal cortex on EEG asymmetry and
mood. NeuroReport, 12, 445–447.
Schutter, D. J. L. G., & van Honk, J. (2006). A standardized
motor threshold estimation procedure of transcranial
magnetic stimulation. Journal of ECT, 22, 176–178.

1320

Journal of Cognitive Neuroscience

Silvanto, J., & Muggleton, N. G. (2008). New light through
old windows: Moving beyond the ‘‘virtual lesion’’ approach
to transcranial magnetic stimulation. Neuroimage, 39,
549–552.
Sirigu, A., Grafman, J., Bressler, K., & Sunderland, T. (1991).
Multiple representations contribute to body knowledge
processing. Evidence from a case of autotopagnosia.
Brain, 114, 629–642.
Tsakiris, M., & Haggard, P. (2005). The rubber hand illusion
revisited: Visuotactile integration and self-attribution.
Journal of Experimental Psychology: Human Perception
and Performance, 31, 80–91.
Tsakiris, M., Hesse, M. D., Boy, C., Haggard, P., & Fink, G. R.
(2007). Neural signatures of body ownership: A sensory
network for bodily self-consciousness. Cerebral Cortex,
17, 2235–2244.
Van Strien, J. W. (1992). Classificatie van links- en
rechtshandige proefpersonen. Nederlands Tijdschrift
voor de Psychologie en haar Grensgebieden, 47, 88–92.

Volume 21, Number 7

This article has been cited by:
1. S. Ionta, R. Martuzzi, R. Salomon, O. Blanke. 2014. The brain network reflecting bodily self-consciousness: a functional
connectivity study. Social Cognitive and Affective Neuroscience 9, 1904-1913. [CrossRef]
2. Kyran T. Graham, Mathew T. Martin-Iverson, Nicholas P. Holmes, Flavie A. Waters. 2014. The projected hand illusion:
component structure in a community sample and association with demographics, cognition, and psychotic-like experiences.
Attention, Perception, & Psychophysics . [CrossRef]
3. Andrew Wold, Jakub Limanowski, Henrik Walter, Felix Blankenburg. 2014. Proprioceptive drift in the rubber hand illusion is
intensified following 1 Hz TMS of the left EBA. Frontiers in Human Neuroscience 8. . [CrossRef]
4. David Kemmerer. 2014. Body ownership and beyond: Connections between cognitive neuroscience and linguistic typology.
Consciousness and Cognition 26, 189-196. [CrossRef]
5. Harriet Dempsey-Jones, Ada Kritikos. 2014. Higher-order cognitive factors affect subjective but not proprioceptive aspects of
self-representation in the rubber hand illusion. Consciousness and Cognition 26, 74-89. [CrossRef]
6. Mirta Fiorio, Caterina Mariotti, Marta Panzeri, Emanuele Antonello, Joseph Classen, Michele Tinazzi. 2014. The Role of the
Cerebellum in Dynamic Changes of the Sense of Body Ownership: A Study in Patients with Cerebellar Degeneration. Journal of
Cognitive Neuroscience 26:4, 712-721. [Abstract] [Full Text] [PDF] [PDF Plus]
7. Thomas P DeRamus, Briley S Black, Mark R Pennick, Rajesh K Kana. 2014. Enhanced parietal cortex activation during location
detection in children with autism. Journal of Neurodevelopmental Disorders 6, 37. [CrossRef]
8. Colin J. Palmer, Bryan Paton, Jakob Hohwy, Peter G. Enticott. 2013. Movement under uncertainty: The effects of the rubberhand illusion vary along the nonclinical autism spectrum. Neuropsychologia 51, 1942-1951. [CrossRef]
9. Laura Germine, Taylor Leigh Benson, Francesca Cohen, Christine I’Lee Hooker. 2013. Psychosis-proneness and the rubber hand
illusion of body ownership. Psychiatry Research 207, 45-52. [CrossRef]
10. Annika Reinersmann, Julia Landwehrt, Elena K. Krumova, Jutta Peterburs, Sebastian Ocklenburg, Onur Güntürkün, Christoph
Maier. 2013. The rubber hand illusion in complex regional pain syndrome: Preserved ability to integrate a rubber hand indicates
intact multisensory integration. PAIN . [CrossRef]
11. Silvio Ionta, Anna Sforza, Mariko Funato, Olaf Blanke. 2013. Anatomically plausible illusory posture affects mental rotation of
body parts. Cognitive, Affective, & Behavioral Neuroscience 13, 197-209. [CrossRef]
12. Jutta Peterburs, Sebastian Ocklenburg. 2013. Die Rubber Hand Illusion und ihre möglichen klinischen Anwendungen. Zeitschrift
für Neuropsychologie 24, 49-55. [CrossRef]
13. L. M. Hilti, J. Hanggi, D. A. Vitacco, B. Kraemer, A. Palla, R. Luechinger, L. Jancke, P. Brugger. 2012. The desire for healthy
limb amputation: structural brain correlates and clinical features of xenomelia. Brain . [CrossRef]
14. Konstantina Kilteni, Raphaela Groten, Mel Slater. 2012. The Sense of Embodiment in Virtual Reality. Presence: Teleoperators
and Virtual Environments 21:4, 373-387. [Abstract] [PDF] [PDF Plus]
15. Philip Tseng, Bruce Bridgeman, Chi-Hung Juan. 2012. Take the matter into your own hands: A brief review of the effect of
nearby-hands on visual processing. Vision Research 72, 74-77. [CrossRef]
16. Antal Haans, Florian G. Kaiser, Don G. Bouwhuis, Wijnand A. IJsselsteijn. 2012. Individual differences in the rubber-hand
illusion: Predicting self-reports of people's personal experiences. Acta Psychologica 141, 169-177. [CrossRef]
17. Bryan Paton, Jakob Hohwy, Peter G. Enticott. 2012. The Rubber Hand Illusion Reveals Proprioceptive and Sensorimotor
Differences in Autism Spectrum Disorders. Journal of Autism and Developmental Disorders 42, 1870-1883. [CrossRef]
18. Sebastian Ocklenburg, Jutta Peterburs, Naima Rüther, Onur Güntürkün. 2012. The rubber hand illusion modulates pseudoneglect.
Neuroscience Letters 523, 158-161. [CrossRef]
19. R. Roll, A. Kavounoudias, F. Albert, R. Legré, A. Gay, B. Fabre, J.P. Roll. 2012. Illusory movements prevent cortical disruption
caused by immobilization. NeuroImage 62, 510-519. [CrossRef]
20. Anna Sedda, Federica Scarpina. 2012. Dorsal and ventral streams across sensory modalities. Neuroscience Bulletin 28, 291-300.
[CrossRef]
21. Robin Bekrater-Bodmann, Jens Foell, Martin Diers, Herta Flor. 2012. The perceptual and neuronal stability of the rubber hand
illusion across contexts and over time. Brain Research 1452, 130-139. [CrossRef]
22. Olaf Blanke. 2012. Multisensory brain mechanisms of bodily self-consciousness. Nature Reviews Neuroscience 13:8, 556. [CrossRef]

23. Melita J. Giummarra, John L. Bradshaw, Michael E. R. Nicholls, Leonie M. Hilti, Peter Brugger. 2011. Body Integrity Identity
Disorder: Deranged Body Processing, Right Fronto-Parietal Dysfunction, and Phenomenological Experience of Body Incongruity.
Neuropsychology Review . [CrossRef]
24. Hari Ramakonar, Elizabeth A. Franz, Christopher R.P. Lind. 2011. The rubber hand illusion and its application to clinical
neuroscience. Journal of Clinical Neuroscience . [CrossRef]
25. Tobias Heed, Brigitte RöderThe Body in a Multisensory World 557-580. [CrossRef]
26. Tobias Heed, Brigitte RöderThe Body in a Multisensory World 557-580. [CrossRef]
27. Henning Holle, Neil McLatchie, Stefanie Maurer, Jamie Ward. 2011. Proprioceptive drift without illusions of ownership for
rotated hands in the ‘rubber hand illusion’ paradigm. Cognitive Neuroscience 1-8. [CrossRef]
28. Sjoerd J. H. Ebisch, Francesca Ferri, Anatolia Salone, Mauro Gianni Perrucci, Luigi D'Amico, Filippo Maria Ferro, Gian Luca
Romani, Vittorio Gallese. 2011. Differential Involvement of Somatosensory and Interoceptive Cortices during the Observation of
Affective Touch. Journal of Cognitive Neuroscience 23:7, 1808-1822. [Abstract] [Full Text] [PDF] [PDF Plus]
29. Tobias Heed, Michael Gründler, Jennifer Rinkleib, Franziska H. Rudzik, Thérèse Collins, Edward Cooke, J. Kevin O'Regan.
2011. Visual information and rubber hand embodiment differentially affect reach-to-grasp actions. Acta Psychologica . [CrossRef]
30. Matthew A. Albrecht, Mathew T. Martin-Iverson, Greg Price, Joseph Lee, Rajan Iyyalol, Flavie Waters. 2011. Dexamphetamine
effects on separate constructs in the rubber hand illusion test. Psychopharmacology . [CrossRef]
31. M. Fiorio, D. Weise, C. Onal-Hartmann, D. Zeller, M. Tinazzi, J. Classen. 2011. Impairment of the rubber hand illusion in
focal hand dystonia. Brain . [CrossRef]
32. Frédérique de Vignemont. 2011. Embodiment, ownership and disownership☆. Consciousness and Cognition 20, 82-93. [CrossRef]
33. Marjolein P. M. Kammers, Joris Mulder, Frédérique Vignemont, H. Chris Dijkerman. 2010. The weight of representing the
body: addressing the potentially indefinite number of body representations in healthy individuals. Experimental Brain Research
204, 333-342. [CrossRef]
34. Manos Tsakiris, Lewis Carpenter, Dafydd James, Aikaterini Fotopoulou. 2010. Hands only illusion: multisensory integration
elicits sense of ownership for body parts but not for non-corporeal objects. Experimental Brain Research 204, 343-352. [CrossRef]
35. Christophe Lopez, Bigna Lenggenhager, Olaf Blanke. 2010. How vestibular stimulation interacts with illusory hand ownership.
Consciousness and Cognition 19, 33-47. [CrossRef]
36. C. Catmur, V. Walsh, C. Heyes. 2009. Associative sequence learning: the role of experience in the development of imitation and
the mirror system. Philosophical Transactions of the Royal Society B: Biological Sciences 364, 2369-2380. [CrossRef]

